There is an emerging interest in developing bio-functionalisation routes serving as platforms for assembling diverse enzymes onto material surfaces. Specifically, the fabrication of next-generation, laboratory-on-a-chip-based sensing and energy-harvesting systems requires controlled orientation and organisation of the proteins at the inorganic interfaces. Herein, the authors take the initial steps towards designing multifunctional, enzyme-based platforms by genetically integrating the engineered materialselective peptide tags for tethering redox enzymes onto electrode surfaces. The authors engineered a fusion protein that genetically conjugates gold-binding peptide to formate dehydrogenase derived from Candida methylica. The expressed proteins were tested for both enzyme activity and self-directed gold-surface functionalisation ability. Their findings demonstrate the successful self-immobilisation of the engineered enzyme onto different gold electrodes while retaining the catalytic activity.
Introduction
The functional integration of biomolecules onto solid material interfaces is attracting interests more than ever due to their impact on a diverse array of application areas. [1] [2] [3] [4] [5] The recent advances in translating the biomolecular mechanisms into the hybrid materials and system designs promise novel methodologies that may transform some of the authors' engineering approaches. [6] [7] [8] [9] [10] [11] [12] [13] One of the major challenges in such systems is to have control at the bio-nanomaterial interface. The biomolecules need to be integrated at the material interfaces without compromising their spatial distribution, organisation and orientation-dependent activity within a desired proximity. 3, 4, 7, 12 Among nature's indispensable repertoire, enzymes, due to their exquisite catalytic features, are certainly one of the most appealing candidates to be utilised as an internal component in next-generation devices. 9, 12, 14 However, their spatial distribution with the desired orientation on the solid surfaces, operational stability and long-term reuse are among the critical parameters that limit their wide-range integration to functional materials. 2, [10] [11] [12] [13] [14] [15] There is an urge to develop biological surface functionalisation approaches that will give the ability to control the desired functions at the bio-nanomaterial interfaces with tunability over a multitude of scales.
Physical adsorption is one of the simplest ways to immobilise enzyme molecules onto support surfaces. However, controlling the interactions between the adsorbed molecule and the surface is Direct bioelectrocatalysis at the interfaces by genetically engineered dehydrogenase Yucesoy et al. Yucesoy et al. difficult due to the weak and the non-specific nature of the attachment process. [16] [17] [18] Chemical coupling that provides a more stable interfacial interaction is a widely used immobilisation strategy. [19] [20] [21] Self-assembled monolayers (SAMs) have been the indispensable approach to functionalise the metallic surfaces for attaching any type of biomolecules. Here, the covalent linkage between a surface and molecule is formed by the monolayers of alkane chains that contain different functional groups, dependent on the surface chemistry of the support material and the biomolecule. [22] [23] [24] Specifically, the utilisation of the monolayers of alkane-thiolates, that contain carboxylic acid or amine terminal groups, is well documented for gold surfaces. 22 Despite the enhanced stability of the coupling interaction, a major drawback of this approach is the low retention of enzyme activity due to the randomly introduced covalent linkages during the coupling reaction. Once formed, those covalent linkers establish very rigid attachments and prevent the immobilised biomolecules from positioning themselves towards their substrates and/or cofactors. 19, 22, 25 Due to the structurally anisotropic nature of the enzyme molecules, the lack of orientation control prevents the utilisation of the enzyme's full potential, especially for bioelectric and biofuel-cell devices. 26 Furthermore, single-layered supports, such as graphene, are highly sensitive to the SAM-based surface activation methods, which may dramatically disrupt its unique electronic properties. 27, 28 The realisation of nextgeneration hybrid devices integrated with biomolecules requires the development of more efficient immobilisation methods. These techniques should provide a better communication between the biological molecules and their solid surfaces built on controllable interactions starting at the interfaces.
Direct bioelectrocatalysis at the interfaces by genetically engineered dehydrogenase
Over the last decade, combinatorial biology-based selection methods for solid-binding peptides have gained attention as a novel alternative to the conventional surface functionalisation and deposition techniques, due to their ability to bring specific biomolecular recognition and binding properties onto inorganic surfaces. [1] [2] [3] [4] [29] [30] [31] Moreover, the ease with which these short sequences are genetically incorporated into any permissive site or the C-or N-terminus of an enzyme makes them an attractive option in designing novel biomolecular systems that feature desired multifunctional properties. 3, 5, 15, 32 This opportunity presents many novel aspects to alter while designing the next-generation molecular systems through biological self-assembly. So far, the authors, and other groups, have designed and verified the abilities of various peptides and proposed many techniques to better understand the related molecular mechanisms leading to controlled interactions at the interfaces. [29] [30] [31] [32] [33] [34] [35] [36] Also, several research groups, including the authors, have demonstrated the use of a variety of solid-binding peptides as anchoring molecules onto the surfaces as well as providing functional integration between the enzymes/ proteins and specific inorganic supports. [32] [33] [34] [35] [36] [37] [38] [39] [40] The biological nature of these short peptide sequences and their vast ability to create selforganised assemblies on a surface under physiological conditions make them highly desirable when compared with their counterparts that may require higher temperatures and pH values, or other harsh reaction conditions. Among the industrially important enzymes, oxidoreductases are capable of catalysing key metabolic reactions. These metabolic processes are classified as redox reactions that involve oxidation or reduction of substrate molecules along with a concomitant transfer of electron pairs between the organic substrates and the specific cofactor molecules. 41, 42 Dehydrogenases produce pure chiral molecules with their enantioselective oxidative and reductive catalytic properties. These properties promote these enzymes as highly valuable tools in the pharmaceutical, chemical, agriculture and food processing industries. Nicotinamide adenine dinucleotide (NAD + )-dependent formate dehydrogenase (FDH, EC 1.2.1.2) is an important member in the oxidoreductase family. After the breakdown of formate by NAD + -dependent dehydrogenases at a close proximity of gold electrode, the electrochemical reduction of NAD + to NADH takes place. The difference in redox potentials between the gold electrode and NADH will lead to further electrochemical oxidation, and as a result two electrons are transferred to the circuit. Due to its ability to regenerate a NADH cofactor by way of an irreversible reaction using a considerably cheaper substrate, FDH is employed in NAD + /NADH regeneration processes. 43 Furthermore, FDHs have been used for sensing applications to detect formate quantitatively as an important fermentation product of aerobic and anaerobic bacteria. 44, 45 The capability to transfer electron pairs between specific substrates and NAD + molecules offers another interesting potential for FDHs as power bioelectronic devices. 46 The industrial importance of NAD + -dependent FDH has led researchers to develop different kinds of immobilisation strategies through a variety of support materials to efficiently enable the desired use of the enzyme. [47] [48] [49] FDHs have been successfully isolated and produced from many different species, but methanol-consuming yeast species, such as Candida methylica (cm), have received the most attention due to the enhanced stability and relatively high activity of their isolated NAD + -dependent FDHs. 45, 50, 51 In this study, the authors genetically engineered NAD + -dependent FDH from C. methylica to couple with gold-binding peptide as a novel enzyme with chimeric properties. The resulting fusion enzyme was demonstrated to retain the catalytic activity both in solution-and surface-immobilised forms while gaining additional self-organisation ability verified on a variety of gold electrode surfaces.
Materials and methods

Materials
The pDrive and pQE2 (Qiagen, Valencia, CA, USA) vectors were used as cloning and expression vectors, respectively, and Escherichia coli strain DH5α-T1 (Invitrogen, Carlsbad, CA, USA) was selected as a host organism. Ampicillin and bacterial media supplements were obtained from Sigma-Aldrich. Nitrilotriacetic acid (Ni-NTA) (Qiagen, Valencia, CA, USA) and Glutathione Sepharose (GE Healthcare, Milwaukee, WI, USA) affinity matrices were used for protein purification. Chemicals that were used in buffer preparations were purchased from Sigma-Aldrich. NAD + (Roche, Indianapolis, IN, USA) and sodium formate were used for enzyme activity measurements. The binding studies were done using surface plasmon resonance (SPR) spectroscopy on gold-coated glass slides (Reichert Technologies, Depew, NY, USA).
Cloning of the cmFDH and cmFDH-AuBP2 fusion enzymes
The cmFDH gene was obtained in the pQE2 vector and used as a template for cloning both the cmFDH and the cmFDH-AuBP2 fusion proteins. 51 The cmFDH-and cmFDH-AuBP2-encoding deoxyribonucleic acid (DNA) sequences were constructed using polymerase chain reaction (PCR) by primers specifically designed to add PstI and SacI restriction sites to the N-and C-terminus of the protein-coding region, respectively. The AuBP2 (CGPWALRRSIRRQSYGPC) peptide-coding region was inserted to the N-terminus of the protein by using a double-step PCR using two different primer sequences (see supplementary information for primer sequences). The resulting PCR-amplified protein-coding sequences were first sub-cloned into the pDrive cloning vector and then transferred into the pQE2 expression vector. They were ligated using a rapid Roche DNA ligation kit. Finally, PreScission Protease recognition site was inserted between the poly-histidine (His) tag and the protein-coding region using specifically designed primers (see supplementary information for primer sequences) in combination with the Gene-Tailor Site-Directed Mutagenesis Kit (Invitrogen, Carlsbad, CA, USA). This modification allowed achieving the removal of poly-His tag by way of PreScission Protease. The resulting constructs were transformed into the expression host E. coli DH5α-T1 cells by way of chemical transformation.
Expression of cmFDH and the cmFDH-AuBP2 enzymes
The pQE2-cmFDH or pQE2-cmFDH-AuBP2 plasmid-harbouring cells were used for protein expression studies. First, the cells were grown overnight at 37°C in 5 ml of Luria Bertani (LB) media, containing 100 µg/ml ampicillin. Next, 1 ml of the overnight culture was inoculated into the fresh LB media and incubated at 37°C until it reached an optical density (OD 600 ) of 0·5. The protein expression was induced with isopropyl β-D-1-thiogalactopyranoside (IPTG) addition to a final concentration of 0·5 mM, and the culture was incubated for 16 h at 16°C with constant agitation (200 rpm). The cells were then harvested following the QIA expression manual (Qiagen, Valencia, CA, USA) and re-suspended in sodium phosphate buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole at pH 8·0) containing 0·5 mM phenylmethanesulfonyl fluoride (PMSF). The cells were lysed by 1 mg/ml lysozyme treatment for 30 min on ice and sonicated at 200 W three times for 10 s. Finally, the resulting cell lysate was centrifuged and the supernatant solution was reserved for further purification.
Purification of cmFDH and cmFDH-AuBP2 enzymes
The similar affinity purification method, that is, Ni-NTA metalaffinity chromatography, was used to purify the cmFDH and cmFDH-AuBP2 enzymes. A pre-packed Ni-NTA column was first equilibrated with the sodium phosphate buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole at pH 8·0), and then the total protein-containing supernatant solution was loaded into the column. The non-specifically bound proteins were removed by applying five column volumes of sodium phosphate buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 50 mM imidazole at pH 8·0) containing 1% Triton X-100 solution. The proteins of interest were eluted by increasing the imidazole concentration in the sodium phosphate buffer up to 250 mM. Finally, the purification process was confirmed by the sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis.
Affinity tag (His-tag) removal from enzymes using engineered cleavage site
The enzymes purified in the sodium phosphate buffer were first exchanged into 1X PreScission Protease cleavage buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDT, 1 mM DTT at pH 7·0) using a 30 000 molecular weight cut-off ultra-filtration centrifugal device (Amicon, Beverly, MA, USA). The His-tag cleavage reaction was then performed using a previously described protocol. 33 Both the tag-free cmFDH and cmFDH-AuBP2 enzymes were obtained in 20 mM Tris-HCl buffer at pH 8·0 followed by the purification of respective protein solutions by way of Ni-NTA and Glutathione Sepharose resins under similar conditions that were described in Section 2.4.
Enzyme activity measurements
The steady-state enzyme activity measurements were carried out at 25°C in a reaction mixture containing 20 mM Tris-HCl buffer at pH 8·0, 1 mM NAD + , 0-40 mM formate and 0·4 μM enzyme in a total reaction volume of 1 ml. The increase in absorption at 340 nm, corresponding to the reduction of NAD + , was monitored and the data were analysed using an enzyme kinetics tool, GRAFIT software (Version 5.0.13, Erithacus Software Ltd, Horley, Surrey, UK). The data were reproduced three times and all the assays were performed in triplicates. The enzyme concentration was determined by Bradford assay using bovine serum albumin standards, at a wavelength of 595 nm.
Surface-binding kinetics analysis
The binding kinetics of cmFDH and cmFDH-AuBP2 enzymes were performed using a single-channel SPR instrument (Kretschmann configuration) developed by the Reichert Instruments. The buffer solutions were degassed to avoid bubble formation in the flow cell. After establishing a stable baseline signal by flowing 20 mM TrisHCl buffer, pH 8·0 over the surface, the cmFDH or cmFDH-AuBP2 enzyme solutions in given concentrations were flowed through the surface, and their adsorption was monitored. The temperature within the flow cell of the SPR was kept constant at 25°C by way of a heating element and a cooling fan controlled by a temperature sensor. All of the solutions used were introduced to the flow cell at a rate of 100 μl/min. In the data analysis, the Langmuir isotherm model was used to calculate the association (k a ), dissociation (k b ) 3 and equilibrium (k eq ) constants of the adsorption process at different enzyme concentrations. 
Enzyme-activated electrode experiments
To create an enzyme-activated electrode system, the authors first obtained 525-μm thick silicon wafers coated with a 100-nm gold layer. Titanium of a thickness of 5 nm was used as an adhesion layer between the gold coating and silicon wafer (Platypus Technologies, Madison, WI, USA). The gold-coated substrates were cut in 1 cm × 1 cm dimensions to use as gold electrodes. The molecules of cmFDH-AuBP2 enzyme were next adsorbed onto one of the electrodes to activate the gold surface. For the adsorption process, 200 μl of 10 μM cmFDH-AuBP2 enzyme in 20 mM Tris-HCl buffer, pH 8·0, was applied onto a gold surface and incubated for 15 min in a humidity chamber at room temperature. The enzymeimmobilised electrode was subsequently washed with Milli-Q water to get rid of excess proteins from surface before placing into a sterile beaker in parallel with the bare gold electrode. This set-up acted as an electrochemical cell after the beaker was filled with 20 mM Tris-HCl, pH 8·0, and 0·1 M KCl until both electrodes were submerged. A 22-KΩ resistor was attached to the lead of the electrodes. The output voltage of the cell was measured by an HP 974A multimeter.
Results and discussion
The authors genetically engineered a novel fusion enzyme, cmFDH, which demonstrates the self-organisation ability on a gold surface while retaining its inherent catalytic activity. The efficiency of the solid-binding peptide-enabled anchoring of cmFDH onto gold surfaces was investigated with respect to its solid-binding ability as well as the overall enzyme activity by comparing the kinetic activity parameters of the cmFDH-AuBP2 engineered enzyme to the control cmFDH. Furthermore, the authors demonstrated the oxidation of formate in the enzymeactivated electrode system. Their approach built on the three steps is summarised in Figure 1. 
Genetically engineered FDH with the gold surface recognition
A biocombinatorially selected and characterised gold-binding peptide 53 (AuBP2) was used as a fusion partner to cmFDH. The AuBP2 peptide sequence was inserted between the poly-His tag and the N-terminus of the cmFDH-coding region using a GGGS (Glycine-Glycine-Glycine-Serine) spacer to allow the efficient peptide display (Figure 2 ). The resulting engineered protein thereby ensures that the gold-binding peptide region is freely exposed to the environment without any restriction on its conformation as well as any potential interference with the enzyme.
To purify the expressed recombinant protein in high yields, the authors employed a poly-His affinity tag-based approach. It has been previously shown that the N-terminal His tag does not influence the activity of cmFDH. 45, 51 On the other hand, multi-histidine residues have a non-specific, yet considerable, high affinity to a variety of metal surfaces including gold. To avoid the unpredictable properties of poly-His affinity tag on newly introduced specific gold surface recognition ability, both the peptide-fused and control constructs were specifically designed by introducing a protease cleavage site at the end of poly-His tag region. This extra design step in their cloning approach allowed for the complete removal of the poly-His tag region from the protein. The PreScission Protease recognition and cleavage sites were introduced to the final enzyme constructs using a site-directed mutagenesis strategy. The schematic representation of AuBP2-incorporated cmFDH, spatial organisation of poly-His tag, cleavage site and gold-binding peptide regions are depicted in Figure 3(a) . The plasmids encoding cmFDH and cmFDH-AuBP2 proteins were successfully expressed in E. coli DH5α-T1 strains and purified using Ni-NTA matrices under native conditions. The purity and molecular weights of the expressed proteins were analysed by SDS-PAGE (Figure 3(b) ). The protein bands indicating cmFDH and cmFDH-AuBP2 were observed to be approximately 41 and 43·5 kDa, respectively, referring to the expected molecular weights for both enzymes following the inclusion of new sequences.
Enzymatic activities of the fusion enzyme
On the successful completion of the expression and purification processes, the catalytic activity of the wild-type and engineered enzymes were analysed ( Table 1 ). The unmodified wild-type cmFDH shows a similar catalytic activity (0·592 ± 0·019 s ). This confirms that the inclusion of the new excision site to remove the poly-His tag from the enzyme did not affect the enzymatic activity. 51 Many of the immobilisation approaches explored so far result in a significant loss of catalytic enzymatic functionality, potentially due to the randomly introduced covalent bonds between the enzyme and the surface. 12, 15 In this case, the authors added a new functionality to the enzyme to attain surface functionalisation ability; they first tested if the enzyme would retain its catalytic activity following the insertion of the new gold-binding domain. The calculated enzyme kinetic parameters k cat , which indicates the turnover rate of substrate to product, and K m (the Michaelis constant), which describes an enzyme's affinity to its substrate, are provided in Table 1 . The k cat value obtained for the cmFDH-AuBP2 (0·615 ± 0·021 s −1 ) was very close to that of cmFDH (0·592 ± 0·019 s −1 ), which suggests that the enzymatic breakdown of formate is similar for both enzymes. Furthermore, there was no significant difference in the substrate affinities (K m ) of cmFDH-AuBP2 and cmFDH. The ratio of k cat /K m is an indicator of the overall catalytic efficiency of the enzyme. In their case, there was less than 2% difference on the overall k cat /K m values between the wild-type and fusion enzymes. This difference was negligible enough to confirm that the apparent kinetic parameters of the wild-type cmFDH were not affected by the genetic fusion of AuBP2 and the enzyme activity was retained.
Gold-binding activity of the fusion enzyme
Here, the authors used the SPR spectroscopy to characterise the binding of the engineered fusion enzyme, that is, cmFDH-AuBP2, and the control enzyme, that is, cmFDH, on the gold surface.
Both enzymes were prepared at 0·25, 0·5 and 1 µM concentrations, and their respective SPR sensograms were recorded (see supplementary information for SPR analysis). Then, the apparent binding rates (k obs ) of both enzymes were derived by non-linear curve fitting to the Langmuir binding isotherm. 52 The kinetic adsorption and desorption parameters, given in Table 2 , were calculated using a linear regression model (least-squares fit), according to Equation 1:
1.
where k a (slope) and k d (intercept) are the association and dissociation rate constants, respectively, and C is the concentration. 52 The equilibrium constant, k eq , can then be calculated using the ratio k a /k d . 52 The adsorption rate of the control protein (k a of 2·38 × 10
, that is, cmFDH, was considerably low for the gold surface, which could be attributed to the non-specific interactions that were possibly caused by the presence of surface-exposed histidine and cysteine residues. Although these outer surface enzyme residues were known to interact with the gold surface, it was difficult to form a stable enzyme layer and thus the enzyme could be easily washed off the surface. However, the effect of AuBP2 on the binding ability of the fusion enzyme was drastic. Compared with the wild-type enzyme, there was approximately a 4·3-fold enhancement in the association rate constant and roughly a threefold decrease in the dissociation rate constant, leading to a 13-fold increase in the equilibrium constant (k eq of 15·564 compared with 1·214). Figure 4(a) shows the surface affinities of the enzymes at a protein concentration of 1 µM . At this concentration, the maximum loading capacity of the sensor was estimated as 1·61 ng/mm 2 . Their adsorption differences indicate that the AuBP2 peptide tag provides an anchor for the fusion enzyme. Likewise, the standard Gibbs free energy (ΔG ads ) of adsorption (molarity representation) for the both cmFDH and cmFDH-AuBP2 monolayers was calculated using Equation 2 52 :
2.
where k eq is the equilibrium constant (k a /k d ), C is the biomolecule concentration, R is the molar gas constant and T is the temperature in Kelvin. The ΔG ads values for the cmFDH and cmFDH-AuBP2 were found to be −0·115 and −1·624 kcal/mol, respectively. These negative ΔG ads values show the spontaneity of the interaction. The higher change in the ΔG ads value for cmFDH-AuBP2 may be contributed to the fast binding process.
Engineered enzyme-activated sensor
The successful design of any enzyme-based device is dependent on the efficiency of the immobilisation strategy and the catalytic activity of the employed enzyme on its associated surface. With this aim in mind, the fusion enzyme, that is, cmFDH-AuBP2, was immobilised onto a gold electrode surface and tested for its catalytic activity. The authors monitored the conversion of formate to carbon dioxide (CO 2 ) electrochemically by designing a circuit-based system consisting of two gold electrodes submerged in solution (20 mM Tris-HCl buffer, pH 8·0, and 0·1 M KCl) and coupling the system with a 22-KΩ resistor, which was used as a load. Figure 5 illustrates the experimental set-up for monitoring the conversion of formate by the enzyme-activated gold electrode.
To activate the selected gold electrode, 10 µM of cmFDH-AuBP2 was applied on the surface. After allowing enough contact time with the surface, the electrode was washed by the buffer to get rid of excess enzyme that may not be contacting the surface directly but interfering with the protein film. The enzymeactivated electrode was then placed into a sterile beaker vertically, facing the bare gold electrode. The submerged gold electrodes were then connected in parallel to the resistor. The observed potential difference (V, voltage) between the electrodes was read by a digital multimeter placed in parallel with the resistor. After establishing a baseline measurement, 0·25 mM formate as the substrate and 1 mM NAD + as the cofactor were added to the system, and the output voltage was monitored continuously. The energy released in the reaction due to the movement of electrons in the designed circuit gave rise to a potential difference equal to the electromotive force (emf, ε). [54] [55] [56] The resulting change in current across the circuit elements was calculated by using Ohm's law equation (Equation 3 ):
3.
where V is the potential difference measured across the resistor in units of volts (V), I is the current through the resistance in units of amperes (A) and R is the resistance of the circuit in units of ohms (Ω).
The initial output voltage was first recorded as 270 mV, and then the resistor was connected to the system and the consequent voltage drop was observed ( Figure 6 ). Then, 0·25 mM formate and 1 mM NAD + were added to the solution (~230 mV) to monitor the enzyme-based electrochemical conversion. Herein, the enzyme catalysed the formate oxidation by NAD + until all formate was converted into its products of CO 2 , NADH and H + . There was a rise in the voltage to about 250 mV due to the conduction of electrons through the wire. The consecutive additions of formate resulted in
V IR
= cmFDH cmFDH-AuBP2 Pure FDH after digestion of His-tag 51 V max : abs/min 0·083 ± 0·003 0·092 ± 0·003 - an approximately 10% increase in the output voltage, which was maintained over a 10-min period. Then, a decrease in the output voltage was observed following the complete conversion of the formate. The system shown here is relatively stable over a range of pH (6-9·5) and temperature (16-40°C of extending the duration of output voltage as well as current by subsequent additions of formate over multiple cycles. The circuit design can be further improved by optimising the physical layout and electrical connections as well as individual components, such as enzyme load, formate, internal and external resistances introduced to the system. Potentially, a bio-enabled circuit-based sensor system can be used for formate detection or NADH regeneration from NAD + by the pharmaceutical and agrochemical industries.
Conclusions
Herein, the authors describe genetically engineering a dehydrogenase to form a self-organised enzyme-integrated circuitbased sensor. Their approach is based on three steps: (a) designing an engineered protein, which features an FDH catalytic unit from C. methylica and a highly specific gold-binding peptide (AuBP2) as a genetically conjugated tag that enables direct assembly of the enzyme onto a gold surface, (b) corroborating the chimeric activities in the system by applying biochemical as well as surfacebinding assays and (c) designing a circuit-based sensor system, which is integrated with the self-organised engineered enzyme, where the catalytic conversion of the formate can be monitored by the subsequent generation of electrons as an output in the current.
The developed design incorporates different novelties that are built by bridging genetic engineering to solid material interfaces to develop controlled interfacial interactions. While a structurally flexible spacer sequence is integrated as an engineering design parameter to keep the protein's distinct functionalities not to be restricted by one another, the introduction of a new cleavage site allows for the removal of the purification tag to investigate the peptide as the sole effect on surface functionalisation. A singlestep assembly of the enzyme within a close proximity enabled to design a circuit-based electrode system where the authors verified the redox catalysis ability of the self-immobilised enzyme on the gold electrode by subsequent additions of formate. The proposed engineered fusion enzyme-based platform can be used for monitoring in a wide range of industrial applications, for example, formate detection in agrochemical industries or NADH regeneration from NAD + in pharmaceutical research and development sectors. The functional proteins genetically coupled with material-specific peptide tags offer a simple, single-step, biofriendly alternative to the conventional chemical and physical immobilisation methods, without the requirement of undesired surface activation processes. The proposed immobilisation strategy is a step towards achieving self-integrated enzyme-harbouring platforms and may lead to the improvement of sensing and fuel-cell devices in the future.
